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Aspects of the subject technology relate to a method for
reading information stored in a flash memory device. In some
implementations, the method can include steps including,
obtaining a first read signal of a first cell, wherein the first cell
is located in a first word line and a first bit line in the flash
memory device, obtaining a programming level of a second
cell, wherein the second cell is located in a second word line
and the first bit line, and wherein the second word line is
adjacent to the first word line. In certain aspects, the method
may further comprise steps for obtaining decoding informa-
tion for the first cell based on the programming level of the
second cell. A data storage system and article of manufacture
are also provided.
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1
INTER-CELL INTERFERENCE
ALGORITHMS FOR SOFT DECODING OF
LDPC CODES

This application claims the benefit of U.S. Provisional
Patent Application No. 61/580,142, filed Dec. 23, 2011,
entitled “INTER-CELL INTERFERENCE ALGORITHMS
FOR SOFT DECODING OF LDPC CODES,” which is
expressly incorporated herein by reference in its entirety.

BACKGROUND

The present disclosure relates to the retrieval of informa-
tion stored on flash memory devices, such as solid-state
drives. Particularly, the present disclosure pertains to algo-
rithms for decoding soft low-density parity check (LDPC)
codes that take into consideration inter-cell interference
acm.

SUMMARY

In certain aspects, the subject technology relates to a
method for reading information stored in a flash memory
device, including obtaining a first read signal of a first cell,
wherein the first cell is located in a first word line and a first
bit line in the flash memory device, obtaining a programming
level of a second cell, wherein the second cell is located in a
second word line and the first bit line, and wherein the second
word line is adjacent to the first word line. In certain aspects,
the memory may further include obtaining decoding infor-
mation for the first cell based on the programming level of the
second cell.

In certain aspects, the subject technology relates to a data
storage system, including a configuration memory, a plurality
of memory cells and a controller coupled to the configuration
memory and the plurality of memory cells, wherein the con-
troller is configured to perform operations for obtaining a first
read signal of a first cell, wherein the first cell is located in a
first word line and a first bit line in the data storage system.
The controller may be further configured to perform opera-
tions for obtaining a programming level of a second cell,
wherein the second cell is located in a second word line and
the first bit line, and wherein the second word line is adjacent
to the first word line and obtaining decoding information for
the first cell based on the programming level of the second
cell.

In yet another aspect, the subject technology relates to an
article of manufacture for providing soft information to facili-
tate decoding of information read from an electronic storage.
In certain implementations, the article of manufacture
includes at least one non-transitory processor readable stor-
age medium and instructions stored on the at least one
medium, wherein the instructions are configured to be read-
able from the at least one medium by at least one processor
and thereby cause the processor to perform operations for
obtaining a first read signal of a first cell, wherein the first cell
is located in a first word line and a first bit line in a flash
memory device and obtaining a programming level of a sec-
ond cell, wherein the second cell is located in a second word
line and the first bit line, and wherein the second word line is
adjacent to the first word line. In certain aspects, the opera-
tions may further include obtaining decoding information for
the first cell based on the programming level of the second
cell.

It is understood that other configurations of the subject
technology will become readily apparent to those skilled in
the art from the following detailed description, wherein vari-
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2

ous configurations of the subject technology are shown and
described by way of illustration. As will be realized, the
subject technology is capable of other and different configu-
rations and its several details are capable of modification in
various other respects, all without departing from the scope of
the subject technology. Accordingly, the drawings and
detailed description are to be regarded as illustrative in nature
and not as restrictive.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a flow diagram illustrating an example of a flash
system using an ICI algorithm module, according to some
aspects of the present disclosure.

FIG. 2 is ablock diagram illustrating components of a flash
memory device according to one aspect of the present disclo-
sure.

FIG. 3 illustrates a portion of a memory array of a flash
memory device, according to some aspects of the present
disclosure.

FIG. 4 illustrates probability density functions (PDFs)
associated with probability of data bits being zero or one, as
a function of voltage, as well as corresponding histograms,
according to some aspects of the present disclosure.

FIG. 5 illustrates PDFs associated with data bits zero and
one that are used for LLR values calculation, as well as
corresponding histograms, according to some aspects of the
present disclosure.

FIG. 6 illustrates a multiple read cycles around a threshold
voltage level and bins associated with the multiple read cycles
for PDF 510, according to some aspects of the present dis-
closure.

FIG. 7 conceptually illustrates an example of a sub group-
ing concept based on bottom programming levels according
to some aspects of the present disclosure.

FIG. 8 illustrates various conditional PDF’s associated with
probability of data bits being zero or one, for various groups
of'cells, where each of the cells in the groups has a bottom cell
with a programming level at L0, L1, [.2, or L3, according to
some aspects of the present disclosure.

FIG. 9 schematically illustrates a shift in the PDFs due to
ICI caused by the bottom cells, according to some aspects of
the present disclosure.

FIG. 10 illustrates various log-likelihood ratio (LLLR) map-
ping tables associated with a bottom programming level,
according to some aspects of the present disclosure.

FIGS. 11A-11C illustrate examples of tables of sector fail-
ure rates for a traditional hard decision decoding scheme, a
decoding scheme that does not consider ICI, and a soft decod-
ing scheme using a voltage shift method to mitigate ICI,
respectively, according to some aspects of the present disclo-
sure.

FIG. 12 conceptually illustrates a scheme of generating
conditional PDFs for different programming level based on
the sub-grouping concept of FIG. 7, according to some
aspects of the present disclosure.

FIG. 13 conceptually illustrates a scheme of generating
conditional PDFs for LSB page based on the sub-grouping
concept of FIG. 7, according to some aspects of the present
disclosure.

FIGS. 14A-14D illustrate examples of tables of sector fail-
ure rates for a hard decision decoding scheme, a decoding
scheme that does not consider ICL, and decoding schemes that
use programming level voltage distribution and MSB/LSB
pages voltage distributions for ICI mitigation, respectively,
according to some aspects of the present disclosure.
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FIG. 15 illustrates process steps of generating LLR values,
according to some aspects of the present disclosure.

FIG. 16 illustrates process steps of decoding a read value
obtaining from a memory cell, according to some aspects of
the present disclosure.

FIG. 17 illustrates process steps of generating LLR values
based on the voltage shift method, according to some aspects
of the present disclosure.

FIG. 18 illustrates process steps of generating LLR values
based on group-based voltage distributions for programming
levels, according to an exemplary method of the present dis-
closure.

FIG. 19 illustrates process steps of generating LLR values
based on group-based voltage distributions for programmed
pages, according to an exemplary method of the present dis-
closure.

FIG. 20 illustrates an example of a method for reading
information stored in a flash memory device, according to
some aspects of the disclosure.

DETAILED DESCRIPTION

The detailed description set forth below is intended as a
description of various configurations of the subject technol-
ogy and is not intended to represent the only configurations in
which the subject technology may be practiced. The
appended drawings are incorporated herein and constitute a
part of the detailed description. The detailed description
includes specific details for the purpose of providing a thor-
ough understanding of the subject technology. However, it
will be apparent to those skilled in the art that the subject
technology may be practiced without these specific details. In
some instances, well-known structures and components are
shown in block diagram form in order to avoid obscuring the
concepts of the subject technology. Like components are
labeled with identical element numbers for ease of under-
standing.

In flash memory devices, the threshold voltage level of a
cell may be increased when the neighboring cells are pro-
grammed. An increase in the threshold voltage level of a cell
due to programming its neighbors is called ICI. The impact of
the voltage shift effects caused by ICI is pattern dependent
and depends on the flash device operating conditions, such as
endurance cycles, retention, and the ambient temperature for
programming and reading the flash device. Further, ICI
depends on the number of bits programmed per cell and the
density of the cells. With the continuing demands for smaller
flash devices, ICI is expected to increase substantially. Such
increase in ICI could substantially degrade a flash system’s
performance if its effect is not mitigated in detection and
decoding steps.

FIG.1is a flow diagram illustrating an example of a system
10 for decoding information stored on a flash memory device
using an ICI algorithm module 140, according to some
aspects of the present disclosure. ICI algorithm module 140
includes a read module 142, read value storage module 144,
and a LLR module 146. In some implementations, the read
value storage module 144 and the LLR module 146 can be
one module. Specifically, FIG. 1 illustrates a flash system that
considers the bit line ICI in the detection step. In this system,
the encoded data is written to flash memory 110 in a known
manner. The encoded data is read from the flash memory 110
by read module 142 in one read or multiple reads. In one
implementation, the read values obtained from the flash
memory are stored in read value storage module 144, from
which the LLR module 146 draws read values from to gen-
erate LLR values.
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Unlike traditional detection module of other flash systems,
the LLLR module 146 and read value storage module 144 of
the present disclosure generate L.LR values based on the
bottom programming level to mitigate the effect of ICI. The
term “bottom programming level” as used throughout the
description of the present disclosure means the programming
level a memory cell that is located on a word line that is below
a word line of a subject target memory cell. Therefore, the
output of the ICI algorithm module 140 produces more reli-
able data that can be used by decoder 160.

In some implementations, decoder 160 generates new soft
information and feeds the information back to the ICI algo-
rithm module 140. In some implementations, the decoder 160
feeds the information to the ICI algorithm module 140. In
certain aspects, in the presence of constrained codes, ICI
algorithm module 140 can consider the constraints in the
detection process. In some implementations, the ICI algo-
rithm module 140 and the decoder 160 can also process hard
decisions inputs.

FIG. 2 is ablock diagram illustrating example components
of'a data storage system 20 (for example, a solid state drive),
according to one aspect of the present disclosure. Data stor-
age system 20, for example, a solid state drive may include a
data storage controller 201, storage medium 202, configura-
tion memory 205, and flash device 203. Controller 201 may
use storage medium 202 for temporary storage of data and
information used to manage data storage system 200. Con-
troller 201 may include several internal components (not
shown) such as one or more processors, a read-only memory,
a flash component interface (for example, a multiplexer to
manage instruction and data transport along a serial connec-
tion to flash device 203), an I/O interface, error correction
circuitry, and the like. In some aspects, all of these elements of
controller 201 may be integrated into a single chip. In other
aspects, these elements may be separated on their own PC
board.

Controller 201 may also include a storage processor con-
figured to execute code or instructions to perform the opera-
tions and functionality described herein, manage request flow
and address mappings, and to perform calculations and gen-
erate commands. The processor of controller 201 is config-
ured to monitor and control the operation of the components
in data storage controller 201. The processor may be a gen-
eral-purpose microprocessor, a microcontroller, a digital sig-
nal processor (DSP), an application specific integrated circuit
(ASIC), afield programmable gate array (FPGA), a program-
mable logic device (PLD), a controller, a state machine, gated
logic, discrete hardware components, or a combination of the
foregoing. One or more sequences of instructions may be
stored as firmware on ROM within controller 201 and/or its
processor. One or more sequences of instructions may be
software stored and read from storage medium 202, flash
device 203, or received from host device 210 (for example,
via a host interface). ROM, storage medium 202, flash device
203, represent examples of machine or computer readable
media on which instructions/code executable by controller
201 and/or its processor may be stored. Machine or computer
readable media may generally refer to any medium or media
used to provide instructions to controller 201 and/or its pro-
cessor, including both volatile media, such as dynamic
memory used for storage media 202 or for buffers within
controller 201, and non-volatile media, such as electronic
media, optical media, and magnetic media.

In some aspects, controller 201 is configured to store data
received from host device 210 in flash device 203 in response
to a write command from host device 210. Controller 201 is
further configured to read data stored in flash memory 203



US 9,117,529 B2

5

and to transfer the read data to host device 210 in response to
aread command from host device 210. As will be described in
more detail below, controller 201 is configured to make the
ICI algorithm module 140 operable to generate statistics and
particularly LLR values for read values obtained from a flash
channel for decoding. By taking into account the inter-cell
interference statistics, and in particular the inter-cell interfer-
ence in the bit line direction, the present disclosure improves
SSD performance and reduce error rates compared to perfor-
mance of SSD using flash memory cells in the same applica-
tion environment without word line ICI detection.

Host device 210 represents any device configured to be
coupled to data storage system 200 and to store data in data
storage system 200. Host device 204 may be a computing
system such as a personal computer, a server, a workstation, a
laptop computer, PDA, smart phone, and the like. Alterna-
tively, host device 204 may be an electronic device such as a
digital camera, a digital audio player, a digital video recorder,
and the like.

In some aspects, storage medium 202 represents volatile
memory used to temporarily store data and information used
to manage data storage system 200. According to one aspect
of the present disclosure, storage medium 202 is random
access memory (RAM) such as double data rate (DDR)
RAM. Other types of RAM also may be used to implement
storage medium 202. Storage medium 202 may be imple-
mented using a single RAM module or multiple RAM mod-
ules. While storage medium 202 is depicted as being distinct
from controller 201, those skilled in the art will recognize that
storage medium 202 may be incorporated into controller 201
without departing from the scope of the present disclosure.
Alternatively, storage medium 202 may be a non-volatile
memory such as a magnetic disk, flash memory, peripheral
SSD, and the like.

As further depicted in FIG. 2, data storage system 200 may
also include bus 250. The bus 250 may use suitable interfaces
standard including, but not limited to, Serial Advanced Tech-
nology Attachment (SATA), Advanced Technology Attach-
ment (ATA), Small Computer System Interface (SCSI), PCI-
extended (PCI-X), Fibre Channel, Serial Attached SCSI
(SAS), Secure Digital (SD), Embedded Multi-Media Card
(EMMC), Universal Flash Storage (UFS) and Peripheral
Component Interconnect Express (PCle).

Host device 210 and data storage system 20 can be in
communication with each other via a wired or wireless con-
nection and may be local to or remote from one another.
According to some implementations, data storage system 20
can include pins (or a socket) to mate with a corresponding
socket (or pins) on host device 210 to establish an electrical
and physical connection. According to one or more other
implementations, data storage system 20 includes a wireless
transceiver to place host device 210 and data storage system
20 in wireless communication with each other.

Data storage system 20 may further include a host interface
260. Host interface 260 is configured to be coupled to host
device 210, to receive data from and send data to host device
210. Host interface 260 may include both electrical and
physical connections for operably coupling host device 210 to
controller 201. Host interface 260 is configured to communi-
cate data, addresses, and control signals between host device
210 and controller 201.

Flash device 203 represents a non-volatile memory device
for storing data. According to one aspect of the present dis-
closure, flash device includes, for example, a NAND flash
memory. Flash device 203 may include a single flash memory
device or chip, and may include multiple flash memory
devices or chips arranged in multiple channels. Flash device

5

10

15

20

25

30

35

40

45

55

60

65

6

203 is not limited to any particular capacity or configuration.
For example, the number of physical blocks, the number of
physical pages per physical block, the number of sectors per
physical page, and the size of the sectors may vary within the
scope of the present disclosure.

Flash memory may have a standard interface specification.
This standard ensures that chips from multiple manufacturers
can be used interchangeably (at least to a large degree). The
interface may further hide the inner working of the flash
memory and return only internally detected bit values for
data.

FIG. 3 illustrates a portion of a memory array 30 compris-
ing memory cells of flash device 203, according to some
aspects of the present disclosure. Data stored in target
memory cell 320 may be affected data stored in the adjacent
cells. In particular, data stored in adjacent cells may cause
interferences that result in voltage shifts of target cell 320.
The interference or ICI and can be more damaging as the
number of bits stored per cell increases or the cell density
increases.

Particularly, ICI is largely affected by data stored in
memory cells in the bit lines below and above target cell 320.
For example, when target cell 320 is programmed, the data
stored in target cell 320 may be affected by bottom cell 310
that has programming level L,. In other words, the program-
ming level L, in bottom cell may cause voltage shifts in
programming level L, of target cell 320. For example, the ICI
created by bottom cell 310 that was programmed at .3 may
cause the target cell 320 to be read as [.2 when it was pro-
grammed at [1.

Traditional flash drive devices do not take the described ICI
effects into consideration. Because no ICI mitigation is
employed in these devices, the decoding performance
degrades. In various exemplary implementations of the
present disclosure, ICI is taken into consideration.

In various implementations, data is read by the read mod-
ule 142 from the memory 110 in one read cycle or multiple
read cycles. FIG. 4 illustrates voltage distributions or prob-
ability density functions (PDFs) associated with probability
of'data bits being 0 or 1, as a function of voltage, as well as the
corresponding histograms, according to some aspects of the
present disclosure. Particularly, FIG. 4 illustrates an example
of'a one-read cycle according to some implementations. Dur-
ing a read cycle, the read module 142 applies a reference
voltage Vt to individual memory cells of memory 110. For a
given memory cell, the read module 142 determines whether
avoltage level of the memory cell is higher or lower compared
to the applied reference voltage Vt and puts the read output
result in bin r1 or bin r2. When all the memory cells are read,
the results can be generated in forms of PDFs (top graph)
and/or their corresponding histograms (bottom graph). Dis-
tribution 410 represents a PDF for “bit 1’ and distribution 412
represents a PDF for ‘bit 0.’

FIG. 5 illustrates histograms of PDFs associated with data
bits 0 and 1 of FIG. 4 that are used for LLR value calculations,
according to some aspects of the present disclosure. From
training data, the PDFs of distributions 410 and 420 are
known. From the known training data and the read values
obtained from memory cells, histograms for distribution 410
are constructed. That is, memory cells that were programmed
as bit 1 but had read values that fall in region r1 are tallied in
bin 411 and memory cells that were programmed as bit 1 but
had read values that fall in region r2 are tallied in bin 412. The
same is done for distribution 420. Memory cells that were
programmed as bit 0 but had read values that fall in region rl
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are tallied in bin 421 and memory cells that were programmed
as bit 0 but had read values that fall in region r2 are tallied in
bin 422.

Based on these obtained histograms, the LLLR module 146
outputs the LLR value. If the memory cell is a ML.C, multiple
reference voltages have to be used to estimate other bits stored
in the memory cell.

The LLR module 146 generates estimates relating to
whether a bit zero or a bit one is stored in a memory cell in the
form of LLR values. Thus, the LLR values are indicative of a
confidence in 0 or 1, for each data bit read from memory 110.
Based on the estimated LLR values for the data bits, the
decoder module 160 decodes the data. Estimation of LLR
values directly affects the decoder performance, and the per-
formance of the memory system 10. The LLR values corre-
sponding to each bin can be computed by means of the his-
tograms of each bin obtained from training data, given by:

prilx=0) (69)

LLR =log—————
ptilx=D

where x is the programmed bit input in “0” or “1”, 1 is the bin
number, and rl is the obtained read value in terms of bin
information (e.g., bin r1 or bin r2).

FIG. 6 schematically illustrates PDFs associated with
probabilities ofa data bit being 0 or 1, as a function of voltage,
and also illustrates corresponding bin histograms according
to one implementation of the present disclosure in a case of
multiple read cycles. In the example illustrated in FIG. 6, it is
again assumed that the memory cells are SL.Cs. For ML.C
cells, there is another similar figure for another bit. Distribu-
tions 510 and 520 represent the PDFs of data bits 1 and 0,
respectively.

In a read operation as previously discussed, the read mod-
ule 142 administers a reference voltage level Vt at line 530 to
the memory cells of memory 110. The read module 142 then
determines whether voltage levels of the memory cells are
below or above voltage level Vt at line 530. A histogram
indicating which cells are below or above voltage level Vtis
kept by the read value storage module 144. The read module
142 may administers multiple read cycles. In some imple-
mentations, three read cycles (N=3) were conducted. Refer-
ence voltages at lines 532 and 534 are then applied for the
second and third cycle, respectively. The read module 142
then determines whether voltage levels of the memory cells
are below or above the voltage levels at lines 532 and 534. A
histogram indicating which cells are below or above the three
reference voltage levels are kept. The result is a histogram of
different bins illustrated in the bottom graph FIG. 6. Because
there are three read cycles (N=3), the voltage window is
partitioned into four (N+1) different bins, and as a result,
there are four bin histograms r1-r4. While the bottom graph
represents only the histograms for voltage distribution 510, it
is understood that there are other histograms for voltage dis-
tribution 520.

In one implementation, the LLLR module 146 generates
LLR values for each bin based on the generated histograms
and stores the result in storage module 144. Storage module
144 also stores all the read values obtained from the read
module 142 and the results generated by the LLR module
146, including the histograms, bin indices, and PDFs of the
memory cells. In some implementations, storage module 144
also stores a look-up table that maps bin indices of bin histo-
grams to the corresponding LLRs.
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FIG. 7 illustrates a concept of sub-grouping based on the
bottom programming levels in accordance with various
implementations of the present disclosure. The programming
levels for the cells of interest are on word line (WL) n+1 and
for the bottom cells on word line n. Word line n locates right
below word line n+1. The cells on word line n+1 are the
subject of interest and the data is read back from flash
memory. Programming levels of the bottom cell on word line
n+1 are used for sub-grouping. Subset [0 indicates a sub-
grouping of cells on word line n, where each of the cells in the
subgroup has a bottom programming level of L0. In this
example, Subset L0 has target cells at levels [.2, [.2, .0, and
L3 and each of the target cells has a bottom cell with a
programming level of LO. The cells of interest and the pro-
gramming level, together with data read from the flash, are
used to construct PDFs, statistics based on the subsets, volt-
age shifts, and subsequently LL.R mapping tables for various
implementations of the present disclosure.

FIG. 8 illustrates PDFs based on Subset L0, Subset L1,
Subset .2, and Subset L3 of FIG. 7. For example, Subset L0
is used to construct distributions 810 and 800, which illustrate
PDFs for data bit one and data bit zero, respectively fora SCL.
case. As mentioned previously, each of the cells in Subset L0
has a bottom cell with programming level 0. Similarly,
distributions 811 and 801 illustrate PDFs for data bit one and
data bit zero, respectively based on a sub-group of cells,
Subset 1.2, where each of the cells in Subset 1.2 has a bottom
cell with programming level L.2. Distributions 812 and 802
illustrate PDFs of Subset L1, where each of the cells in Subset
L1 has a bottom cell with programming level [.1, and distri-
butions 813 and 803 illustrate PDFs of Subset .3, where each
of'the cells in the Subset L3 has a bottom cell with program-
ming level 3.

Compared to the case where the bottom cell is programmed
to level 0, other programming levels (e.g.,[.L1,1.2, and [.3) can
cause shifts in the voltage distributions. Note that in certain
aspects, the degree of ICI is mainly due to the programming
order. In some implementations, MSB page programming
introduces more ICI as compared to L.SB page programming.
Therefore, programming levels I.1 and L3 can introduce
greater shifts in the voltage distributions as compared to pro-
gramming levels 1.0 and L.2. While PDFs for data bits one and
zero of one programming level are shown in FIG. 8, there are
other PDFs for other programming levels and in general, they
all show the similar effects as the illustrated implementation.

Because of these shifts in voltage distributions, the read
output from a memory cell causes decoding errors. Therefore,
in various implementations, different ICI algorithms are used
to mitigate the errors caused by the interfering cells, and
particularly by the bottom cells. There are three ICI algo-
rithms that can be used. The preferences of using one over
another may depend on various factors, such as the age of a
memory device, the extent of the failure rates, costs, operating
conditions, and hardware capabilities, etc.

FIG. 9 illustrates the concept of method 900 of mitigating
the effects of ICI. Particularly, FIG. 9 schematically illus-
trates a shift in the PDF's for data bits one and zero due to ICI
caused by the bottom cells, according to some aspects of the
present disclosure. Certain predictions can be made about the
change in the histograms depending on the bottom program-
ming level in the presence of ICI. In some aspects, the first
method utilizes existing LLR mapping tables corresponding
to PDFs 510 and 520 and their histograms and updates the
LLR tables for ICI consideration. In some implementations,
the presence of inter-cell interference from the bottom cells
will cause the voltage distributions to shift by one bin width or
multiple bin widths depending on the bottom programming
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level. In certain implementations, the bottom programming
levels L1 and .3 cause the PDFs to have a voltage shift to the
right and bottom programming levels L0 and [.2 cause a
voltage shift to the left. In some implementations, there are no
voltage shifts in the PDFs when the bottom programming
levels are at 1O or L2.

FIG. 9 graphically illustrates an example where distribu-
tions 510 and 520 are shifted to the right by one bin width m.
Bin width m is defined as the distance between any multiple
read cycles. In the exemplary implementation, bin width m is
the distance between the read voltage at line 532 and the read
voltage at line 530. While only two voltage distributions for
bit 1 and bit 0 are shown in FIG. 9, there can be more voltage
distributions for other bits as in the MLLC case. Also, the shift
in voltage in distribution can also be in the left direction
depending on the bottom programming levels and in some
cases, the shift can be in multiple bin widths.

The shift in voltage distributions or PDFs is captured on
distributions 510" and 520'. As a result of the voltage shift, the
original area A of bin rl moves to bins rl' and r2". Thus, the
existing LLR value of bin r1 can be used for bins r1' and r2'.
Similarly, the original area B of bin r2 moves to bin r3' and
thus, the existing LLR value of bin r2 can be used for bin r3'.
Area C1 of bins r3 and area C2 of and r4 of the original PDF
520 move binr4' as a result of the voltage shift. Thus, the LLR
value of bin r3 and the LLR value of bin r4 can be used for bin
r4'. Note that there is a loss of resolution in terms of LLR
information because of the LLR values of bins 13 and r4 are
used for just one bin, r4' and r1' and r2' have the same LLR
values. Before the voltage shift in the exemplary implemen-
tation, there are four distinct LLR values; each corresponds to
each of the four bins. After the shift, however, there are only
three distinct LLR values. In the illustrated example, one bin
shift m in the right direction is shown. The bin shift can be in
multiple of bins and can also be in the left direction. For
example, when the bottom programming level is L1 or L3, the
voltage distributions can be shifted to the right by several bin
widths. In other implementations, the voltage distribution can
be shifted to the left when the bottom programming level is L0
or [.2. In some implementations, there can be no shift in the
voltage distributions when the bottom programming level is
atLOor L2.

In other words, if the LLR values belonging to PDFs 510
and 520 before the voltage shift are denoted as a,, where 1
corresponds to the bin number, and the new LLR values
belonging to the shifted PDFs 510" and 520" are denoted by
o/, then:

o) = ap; 2

@ =a (3

o= 4
and

plrs, ra|x=0) (5)

4 =LLR(r4) =1
" ) ng(r3,r4|x=1)

The different LLR values belonging to different bins and
for different programming levels together are grouped in an
LLR mapping table. In traditional decoding schemes, there is
only one LLL.R mapping table. In the present implementation,
there are at least two LLR mapping tables. The use of one
LLR mapping table versus the multiple LLR mapping tables
depends on the programming levels of the bottom cell. Fur-
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ther, different LLLR mapping tables can be used for different
age cycle of a memory device.

FIG. 10 illustrates various LLR mapping tables 100 for an
MLC memory device. Tables 1, 2, 3, and 4 of FIG. 10 contain
LLR values for bottom programming levels L. 0, L1, [.2, and
L3, respectively. Each of the LLR mapping tables are con-
structed from an original LLLR mapping table, as discussed
above. Because the existing histograms are used and there is
no new LLR computation for the new mapping table, imple-
mentation of the method of the present implementation is not
computationally extensive and requires no or little hardware
change.

As mentioned previously, there is a loss of resolution in
terms of LLRs associated with an example of the present
disclosure. For example, Table 3 of FIG. 10 shows the LLR
values for bin r1' and r2' are the same. In spite of the loss in
resolution of LLRs, the decoding performance associated
with the method of the disclosed implementation is still better
compared to the case where hard decision decoding is used.

FIGS. 11A, 11B and 11C illustrate the sector failure rates
for a traditional method using hard decision decoding tech-
nique, the decoding using three reads with no ICI informa-
tion, and the first method of an implementation of the present
disclosure with three reads. As can be seen, there is an overall
improvement as a memory device ages. In one implementa-
tion, there is as much as 68% improvement in the sector
failure rate (at 150K and 3 hours) compared to the hard
decision technique. In certain aspects, the LLR mapping table
can be updated based on retention and endurance for better
ICI mitigation. As a memory device age, it may be assumed
that the voltage shift in the PDFs is in multiple of bin widths
in the left or in the right direction. For example, at the begin-
ning oflife, it may be assumed that there is only one bin width
in voltage shift when the bottom programming level is 3.
However, at the end of life the LLR mapping table can be
updated to reflect a two bin widths shift in voltage distribu-
tion. Since the original histograms for each bin were already
obtained in the calibration process or are readily available,
one can utilize the original histograms to obtain new LLR
mapping tables based not only the bottom programming lev-
els but also based on the retention and endurance conditions
of'a memory device.

Referring to FIG. 12, a concept of subgrouping data based
on the bottom programming level of method 1200 is illus-
trated. In some aspects, method 1200 produces better decod-
ing performance than the method mentioned above. PDFs
1200 show the voltage distributions of memory cells in a
four-level NAND type flash memory. The threshold voltages
of the respective memory cells fall into any of areas [0, L1,
L2, and [.3 depending on the data programmed. The areas [0,
1,12, and L3 correspond to 2-bit data <117, “10”,“01”, and
“00”, respectively and are called programming levels
throughout the description of the present disclosure.

Instead of using one LLR mapping table for all data (PDFs
1200) as in the tradition method, method 1200 involves the
use of four different LL.R mapping tables. Each LL.R mapping
table is specific for each bottom programming level. In some
implementations, it can be assumed that when a word line is
decoded, the word line that is right below it has already been
decoded so the bottom programming levels are already
known. Thus, when a target cell is read, the programming
level of the bottom cell is also obtained. Based on the obtained
bottom programming level, a specific LLR mapping table is
invoked. For example, the LL.R mapping table of associated
with Su